Specific problems of storm surge modeling in the polar seas are analyzed. The vertically integrated equations of motion and continuity are applied to the prediction of the storm surge wave in both the ice-free and ice-covered seas. The interactions of atmosphere, ice, and water are expressed by the normal and tangential stresses. A numerical grid is set over the Chukchi and Beaufort seas, and three storm surges are simulated and briefly described. Patterns of motion and sea surface geometry are related to low and high atmospheric pressure systems. Comparison of the measured and computed sea level and observed and computed ice edge proves that the model is suitable to reproduce both water and ice motion.
INTRODUCTION
The importance of storm surges and associated wate• and ice motion is related to the recent exploitation of the North Slope oil. The shore of the Beaufort Sea is generally of low relief, therefore coastal plains can be inundated by the surge and waves. The knowledge of the sea level varia, tion along the Alaskan Beaufort and Chukchi coast is scant. Until now, tide gauges have been installed in this region for a short time only, and the present set of data is too small to estimate a statistically valid distribution of the sea level variations. Only those surges that caused extensive flooding of the coastal communities were recorded. In the eastern Beaufort Sea (Mackenzie Bay), at Tuktoyaktuk, Canada, a tide gauge was installed more than 20 years ago. Some general facts related to the storm surges in the Beaufort Sea can be inferred from this set of data. Henry [1974] analyzed storm surges in excess of +_0.9 m for the l 1-year period (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) . The frequency of the major Surges was not distributed uniformly in time, and the highest sea level ever recorded at Tuktoyaktuk occurred on October 4, 1963. The same surge was observed at Barrow, Alaska, one day earlier. Sea level rose 3 m above mean sea level, and this is historically the highest level ever observed at Barrow. As a result of the lack of sea level data the range of the surge was studied by examining associated events, such as driftwood distribution. In this way, Reirnnitz and Maurer Wise et al. [1981] identified about 90 major storm surges around Alaska and developed a forecast procedure that is based on frequency of wind occurrence. The distribution of the wind frequency is better known through observation, but the wind is measured rarely during the storm peak. Until 1979, wind and atmospheric pressure over the Arctic Ocean were extrapolated from coastal stations and a few drifting ice stations. The possibility of modeling storm surges by applying realistic surface wind distribution was created in 1979 through the Arctic Ocean Buoy Program carried out by Thorndike and Colony [1980] . An array of buoys was placed on the ice in the Arctic Ocean to measure atmospheric pressure, air temperature, and buoy position. Storm surges usually occur together with astronomical tides, and it is essential to understand how much the surge is altered by the tide. Various measurements taken along the coasts of the Beaufort and Chukchi seas show that major surges would not be essentially altered by the tides [Huggett et al., 1975; Kowalik and Matthews, 1982] . The maximum amplitude of the tides varies from 5 to 20 cm.
In one respect, surges in the Beaufort and Chukchi seas differ from those in the mid-latitudes. The whole former area is ice covered for 8 months of the year. In summer and early autumn the southern parts of the Beaufort and Chukchi seas are ice free, and there the major storm surges are generated.
FORMULATION OF BASIC EQUATIONS
The basis of calculations presented here will be the vertically integrated equations of water motion and continuity, written in the Cartesian coordinate system {xi) with x• direc- [Pritchard, 1980] and the data dispersed in a few additional references, the dependence of (7•0 on wind will probably be close to the expression (9). The measurements were taken over smooth ice, which does not properly characterize the high roughness of the sea ice caused by the hummocking processes [Leavitt, 1980; McPhee, 1980] . In the ensuing computations the wind drag coefficient over the ice, (7•0, will be equal to the one over the sea, i.e., 2.7 x 10 -3.
Interaction of the water and ice in (1) through (7) is described by two forces' pressure gradient and water stress. The former is fully defined if sea level and atmospheric pressure are given, the latter we take as 
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The important problem to be clarified before the ice-water interaction can be studied is the formulation of the constitutive law that relates the stress (aij) transmitted between floes to the variables in the problem formulated by (1) through (6). Only the mechanical behavior of ice is considered. We shall assume that during the storm surge the ice distribution will change only because of ice motion; the influence of thermodynamic processes will be neglected. Because of internal ice stresses, the force F• (see (3)) acts on the ice floes. The components of the force are given by the divergence of the stress tensor (as
We have experimented with the few available constitutive laws to express the ice mechanics, i.e., an elastic constitutive law developed by Ovsienko [1976] ; the viscous and elastic model of Rothrock [1975] ; and the viscous model of Glen [1970] . Treatment of the pack ice as an elastic-plastic or as a viscouselastic material brings into consideration the additional variables not specified in the system (1)-(6). Application of the nonlinear viscous constitutive law can set results that are difficult to test critically against the measurements [Kowalik, 1981] . Therefore, in the ensuing computations the linear viscous model will be applied; in that case the ice stress is proportional to the strain rate tensor, and the internal force be- grated equations of motion and continuity (1) and (2), but the influence of ice cover was neglected.
We shall study the storm surge generation and propagation by applying the full system of equations (1)-(6). To solve this set of equations, an explicit-in-time and staggered-in-space numerical scheme will be applied after Hansen [1962] . The influence of the ice cover on the stability conditions of this scheme has been studied by Kowalik [1981] . To include ice into the storm surge model, it was assumed that variations of the pack ice distribution are due entirely to the wind and not to the thermodynamical processes. The assumption is based on Wendler's [1973] analysis of actual summer situation for the 5-day periods in the Beaufort Sea. He was able to show that the ice conditions were strongly correlated to the wind direction. The responses of the sea level to the storm passages will be considered in the domain depicted in Figure 1 . Because of the large dimension of the area, the spherical shape of the earth cannot be neglected, and therefore a spherical system of coordinates is introduced to the system of equations (1) Open boundary conditions for the ice velocity and compactness are not easily specified. One set of conditions can be defined by assuming continuity of the ice velocity and compactness across the boundary and setting first and second derivatives equal to zero. This condition, though numerically feasible, assumes that the motion in the domain is defined completely by internal processes and is not influenced by the motion from outside the domain. Such an approach is appropriate for the storm surges, when open boundary condition is set beyond the shelf, but whether it is appropriate for the ice motion remains to be proven. An alternative set of boundary conditions can be determined by the measurements from the buoys deployed in the Arctic Ocean in the proximity of the boundary during simulated storm surge. In reproducing the storm surge from 1979, both boundary conditions, i.e., measured ice velocity and continuity of velocity and its derivatives, were employed. Probably as a result of the short time of the storm surge, the ice distributions in both cases were quite similar. Modeling of the ice movement with the open boundary still requires additional measurements to critically test the model output. Meteorological Centre for the 6-hour intervals allowed reconstruction of the storm track (Figure 2) . One has to understand that the numbers given on the maps are extrapolated from the few coastal stations. Our work was greatly facilitated by weather analysis of the storm performed by Schafer [1966] .
MODELING OF THE STORM SURGES IN THE BEAUFORT
The low-pressure center traveled from Siberia (00Z, October 3) to the northern shores of Banks Island (06Z, October 4), where it stayed for about 24 hours. The low on its way was a source of unusually strong winds. Record high surges of about 3 m were reported along the Alaskan coast of the Chukchi Sea [Schafer, 1966- Every 6 hours, starting 00Z October 3 until 00Z October 6, the wind distribution was computed from the surface pressure maps. Between 6-hour readings, the wind velocity was interpolated linearly in time. To compute geostrophic winds, the region was subdivided into lattices of 2 ø latitude and 10 ø longitude, and pressure was taken in the grid points. Based on the data gathered during the AIDJEX experiment [Albright, 1980] , in computing surface wind distribution, the crossisobar turning angle (• = 24 ø) and the ratio of the surface wind (W) to the geostrophic wind (G), WIG-0.6, were applied.
Usually, two types of computations were attempted. First, the sea surface was assumed to be ice free, and only equations Results from the storm surge computations display the relationships of the sea level and current distribution. Because of the depth and shoreline geometry, the Pattern of motion in the Beaufort Sea is quite different from that in the Chukchi Sea. In both basins the storm surge tends to develop a dome structure in the sea level distribution. Velocity tends to be parallel to the sea level contours according to the geostrophic adjustment, therefore two gyres are observed in which motion takes place around the domes. In the Chukchi Sea, both current and sea level display strong variations not only at the shore but at large distances from the coast as well. In the Beaufort Sea the changes are usually confined to the nearshore region. During major surges, a coastal current develops along the shelf from Mackenzie Bay to Point Barrow. The results of computation close to the northern boundary should be taken cautiously because they might be distorted by the open boundary condition.
All numerical simulations were done for the ice-free and ice-covered sea surface, but the influence of the ice was practically negligible because major surges took place in summer and fall when the Chukchi and Beaufort seas were only partly covered by ice.
